Introduction
Synthesis of various materials under an intensive energetic condition has been previously investigated by various researchers, 15) some who have synthesized titanium nitride and titanium aluminum nitride in liquid nitrogen using an electrical high-energy pulsed power of about 10 kJ 4) or using an explosive 5) through the chemical reaction between extremely excited elements. The use of such highly-energetic conditions holds high potential to synthesize various new intermetallics possessing nanometer-scale, ultra-fine grained structure and offering highly functional performance. Under these intensive energetic conditions, a shock wave is generated, forming a pulsed bubble if the phenomenon is ignited in water which induces rapid phase change to gas from the liquid media.
611) This bubble, composed of as much high energy as an ablated point, can generate highly-energetic conditions at the time of its collapse, inducing high pressure and high temperature conditions repetitively.
Similar methods for synthesizing various intermetallics in liquid through high energy such as impulse plasma 12) and laser ablation focused to a metal plate target 1317) have been investigated and reported. Laser ablation can induce rapid excitation of the materials and can generate shock waves due to rapid vaporization, boiling, and phase explosion.
1820)
Laser ablation synthesis in liquid has attracted attention as a good candidate for exploring new intermetallics under high pressure and/or high temperature conditions due to phase quenching by rapid cooling through the low intensity of a single pulse. Potential production of large-volume intermetallics using continuous pulses is also expected. In the present paper, the synthesis of titanium oxide using a high-energy Nd:YAG laser in water was investigated. A high energy single pulse of one J was loaded to a titanium wire set in distilled water. This research used the titanium wire to clarify the effects of the spherical bubble on the synthesis of intermetallics in comparison to the use of the metal plate so far employed. Synthesis of titanium oxide was expected to occur during the excited state created by the exposure of the laser and/or the bubble collapse, which would induce high pressures and temperatures. Bubble formation was also confirmed by capturing images using a camera with another pulsed laser.
Experiment
Figure 1(a) illustrates the experimental set-up both for synthesis and for visualization of the pulsed bubble; Fig. 1(b) illustrates in detail the laser focusing on the target. In order to capture an image of a pulsed bubble, a camera (digital camera with telephoto lens, Pentax) and Nd:YAG laser (maximum intensity 25 mJ of 532 nm wavelength, Minilite PIV Specification, Continuum Inc.) were aligned to the sample target perpendicular to the ablation beam. 18, 19) Another Nd:YAG laser beam of 532 nm with a 10 ns pulse width and a repetition rate of 10 Hz (maximum intensity 3 J/pulse, Powerlite Plus, Continuum Inc.) was used as an ablation pulse for focusing on the target to synthesize oxides. In the present work, the experiment was performed at 1 J/pulse for 5 h for powder recovery. The target material of this experiment was titanium wire of 0.5 mm in diameter (99.5 mass% purity); the wire was hung from top as shown in Fig. 1(b) . The diameter of laser beam on target surface was set to be approximately 0.5 mm for loading high energy for recovering powders. The fluence on the target surface was estimated to be about 5.1 MJ/m 2 by considering 1 J/pulse and diameter of laser beam, which is relatively high in comparison with other reports. 9) However, the targeted area of laser changed slightly due to inaccuracy of wire position. This experiment achieved recovery of the reacted powders by lowering the titanium wire into distilled water several times during the experiment. The amount of powder recovered was about 20 mg. A pulse generator was used to control the delay time between the laser pulse and imaging system. A single image frame was taken at each pulse. The powders recovered at the bottom of the container were characterized using scanned electron microscopes (SEM) and X-ray diffraction machine (XRD). Figure 2 is a photograph of the recovered powders. The powders appear white gray in color. Figure 3 shows an SEM micrograph of the recovered powders and a magnified image of the powder. As shown in Fig. 3(a) , the powder size was in the order of 5 µm, with each particle composed of fine secondary particles in the order of several ten nanometers, as seen in Fig. 3(b) . This observation seems similar to that of other researches using the laser ablation synthesis method.
Results and Discussion
1317) The X-ray diffraction pattern shown in Fig. 4 shows only the peaks of anatase phase TiO 2 . Other research using laser ablation synthesis focused on a titanium plate in water showed three major peaks for anatase phase TiO 2 , and the peaks were not clear with noises; 13) in contrast, our investigation found major five peaks of anatase phase, as shown in Fig. 4 , which suggests that the powders are composed of a well-developed crystalline structure. The difference in the results may be attributed to the high energy Figure 5 shows images of pulsed bubbles at various delay times generated by the high energy loading by laser ablation. The bubble generated in this investigation, which was almost spherical in shape, started to appear about 8 µs later after the laser was focused to the titanium target. After that, the bubble shrunk and collapsed to induce high-pressure and hightemperature conditions at the center.
811) The sustained time of the bubble from formation to collapse was around 400 µs. Since bubble formation and collapse continues multiple times, 811) the whole reaction synthesis for one cycle occurs within 400 µs before the next laser pulse reaches the target under the repetition rate 10 Hz (100 ms interval). The maximum size of a bubble generated 200 µs after focusing the laser was estimated at 3.7 mm, as seen in Fig. 5 . Bubbles generated by laser ablation using low pulse intensity (22 mJ/pulse) to a metal plate target in liquid has been reported to have a hemispherical shape of around 1 mm radius and an estimated maximum pressure and temperature of around 10 GPa and 10000 K, respectively, during collapse at a single point. 8, 9) Calculation of the bubble collapse convergence point as reported in their research presents difficulty compared with our research due to the movement of bubbles in their experiments. As the energy of the bubble, which generates high pressures and temperatures, depends on its shape and radius, it is likely that the convergence points of bubbles induced in this experiment, 6, 7) and thus the pressure and temperature, are much higher than those of previous experiments.
According to other research using impulse plasma in liquid, Mashimo and others have clarified from XRD analysis the existence of several phases of the metastable-phase, nonstoichiometric titanium oxides Ti n O and Ti n O 2n¹1 . Further they have confirmed the amorphous and anatase phase TiO 2 from XRD and TEM analysis. 12) In their research, metastable oxides such as Ti n O and Ti n O 2n¹1 were synthesized due to minimal excitation of oxygen and ionized oxygen atoms due to the loading of less energy (200 V, 3 A) compared with our method. Conversely, the synthesized material in this research shows a well-crystallized structure of anatase phase TiO 2 . This investigation suggests the effects of high energetic conditions on the induction of well-developed anatase phase TiO 2 though synthesis mechanism or process remains unclarified; further investigation is planned based on measurements and numerical simulation results including the effect of the pulsed bubble.
Conclusions
Synthesis of titanium oxide using a high-energy Nd:YAG laser in water was investigated. A laser with energy of 1 J/pulse was focused on a titanium wire of 0.5 mm in diameter set in water. This research successfully recovered nano-sized anatase phase titanium dioxide with well crystallized structure. A pulsed bubble, which may induce high pressure and temperature by its collapse, was confirmed by optical measurement of single bubbles. Effect of the bubble on synthesis and crystallization is also suggested.
